− radiative capture in flight on the proton, leading to the γΛ and γΣ 0 final states, have been measured at eight K − momenta between 514 and 750 MeV/c. The data were obtained with the Crystal Ball multiphoton spectrometer installed at the separated K/π beam line C6 of the BNL Alternating Gradient Synchrotron. The results substantially improve the existing experimental data available for studying radiative decays of excited hyperon states. An exploratory theoretical analysis is performed within the Regge-plus-resonance approach. According to this analysis, the γΣ 0 final state is dominated by hyperon-resonance exchange and hints at an important role for a resonance in the mass region of 1700 MeV. In the γΛ final state, on the other hand, the resonant contributions account for only half the strength, and the data suggest the importance of a resonance in the mass region of 1550 MeV.
I. INTRODUCTION
The experimental study of the radiative reactions K − p → γΛ and K − p → γΣ 0 is of special interest because these reactions are among the very few cases in which information about the radiative decays of hyperon resonances can be obtained. Measuring the properties of these resonances constitutes important input to models that attempt to describe the internal structure of hadrons. The Particle Data Group's Review of Particle Physics (RPP) [1] lists a number of established Λ and Σ resonances (see Table I ), albeit with large uncertainties in the masses, widths, and branching ratios. So far, sufficient experimental data and many models exist for the radiative capture of kaons at rest (see Refs. [2, 3] and ref-
In contrast to kaon photoproduction, the measurement of the radiative capture in flight requires a photon spectrometer and careful subtraction of the large background from single π 0 production. An experimental study of the reactions K − p → neutrals became feasible with the Crystal Ball (CB) multiphoton spectrometer installed at the separated K/π beam line C6 of the BNL Alternating Gradient Synchrotron (AGS). Besides the radiative processes, this study also involved the measurement of the following final states: ηΛ,K 0 n, π 0 Λ, π 0 Σ 0 , π 0 π 0 Λ, π 0 π 0 Σ 0 , and π 0 π 0 π 0 Λ, reported in Refs. [9] [10] [11] [12] [13] . A reliable measurement of the radiative reactions would not be possible without the extensive measurement of most of the above reactions.
In the present work, we report on the first measurement of the differential cross sections for the radiative reactions K − p → γΛ and K − p → γΣ 0 at eight inci-dent K − momenta between 514 and 750 MeV/c. An exploratory theoretical analysis is performed within the Regge-plus-resonance approach [14] [15] [16] [17] . Many experimental details have already been presented in Ref. [9] and are omitted in this paper. The preliminary results for the radiative reaction K − p → γΛ with many experimental details are given in Ref. [18] . An independent analysis of the K − p → γΣ 0 reaction, using the same data set, was recently presented in Ref. [19] , reporting total cross sections or their upper limits only.
II. EXPERIMENTAL SETUP
The experimental study was performed with the Crystal Ball multiphoton spectrometer, which is a highly segmented sphere made of NaI(Tl). The CB consists of 672 almost identical crystals packed in two hermetically sealed and evacuated hemispheres. The solid angle covered by the CB is 93% of 4π steradian. The crystals have the shape of a truncated triangular pyramid, all pointed toward the center of the CB. The crystal length is 40.6 cm, which corresponds to 15.7 radiation lengths. The typical energy resolution for electromagnetic showers in the CB was ∆E/E = 0.020/(E[GeV]) 0.36 . The directions of the photon showers were measured with a resolution in θ (the polar angle with respect to the beam axis) of σ θ = 2
• − 3
• . The resolution in azimuthal angle φ is σ θ / sin θ.
The C6 line of the AGS provided a beam of negative kaons and pions with the K − /π − ratio enhanced to about 0.1 by two electrostatic separators. The beam particles were incident on a 10-cm-long liquid-hydrogen (LH 2 ) target located in the center of the Crystal Ball. The momentum resolution σ p /p for an individual incident kaon varied from 0.6% to 1.%, depending on the momentum value. The mean value p K − for the incident-momentum spectra and the momentum spread δ p , which were determined at the target center, are listed in Table II . The uncertainty in determining the mean beam momentum is 2 − 3 MeV/c. The LH 2 target was surrounded by a 16-cm-diameter pipe made of four thin scintillation counters that functioned as a veto for the beam interactions with charged particles in the final state. The 120-cm length of the veto counters ensured almost 100% rejection of those events. The 5-mm thickness of the counters implied both a good efficiency in vetoing charged particles and a low probability for photon conversion.
III. DATA HANDLING
Since the Crystal Ball detector is designed as a multiphoton spectrometer, K − p interactions were studied by measuring the photons and, when possible, the neutron in the final state. The Λ and Σ 0 hyperons were measured in the CB via the decay chains Λ → π 0 n → 2γn and Σ 0 → γΛ → γπ 0 n → 3γn. As the final-state photons produce electromagnetic showers in the NaI(Tl) crystals, they can be recognized as so-called clusters in the density of the energy deposited in the CB. The outgoing neutrons can also be detected if the products of their interactions in the NaI(Tl) material produce enough ionization to form a cluster. In general, a cluster in the CB is defined as a group of neighboring crystals in which energy is deposited from the interaction of a photon, a charged particle, or a neutron produced in the final state. The software threshold for the cluster energy was chosen to be 20 MeV; this value optimizes the yield of the reconstructed events for the K − p → neutrals processes. The kinematic-fitting technique was used to select candidates for the radiative reactions that were studied. Those candidates were selected by testing the following hypotheses:
The incident kaon was parametrized in the kinematic fit by the five measured variables: momentum, angles θ x and θ y , and position coordinates x and y at the target. A photon cluster was parametrized by the three measured variables: energy and angles θ and φ. As the data were taken with a 10-cm-long LH 2 target, the z coordinate of the vertex was a free variable of the kinematic fit. Including z into the fit improves the angular resolution in the photon directions. When the final-state neutron was not detected, its energy and two angles were free variables of the fit. For the neutron detected in the CB, the angles of its cluster were used as the measured variables, while the neutron energy was a free variable of the fit. Since all reactions in our analysis had a particle decaying in flight, the decay length of this particle was also a free variable of the kinematic fit. The corresponding secondary vertex is then determined by the primary-vertex coordinates, the direction of the decaying particle, and the decay length. The candidates for reaction (1) were searched for in three-and four-cluster events. The three-cluster events were tested for the case when only the three photons were detected in the CB. The four-cluster events were tested for the case in which all four final-state particles were detected. Similarly, the candidates for reaction (2) , which have four photons and a neutron in the final state, were searched for in four-and five-cluster events. The test of each hypothesis involved all possible permutations of assigning the detected clusters to the particles in the reaction chain. The events for which at least one permutation satisfied the tested hypothesis at the 5% confidence level, CL (i.e., with a probability larger than 5%) were accepted as the reaction candidates. The permutation with the largest CL was used to reconstruct the kinematics of the reaction.
The candidates selected for the two radiative reactions are contaminated with background events that have to be subtracted from the experimental distributions. The first source of the background events appears from processes that are not kaon interactions in the LH 2 target. The major fraction of these interactions are K − decays in the beam. This background was investigated using the data taken when the target was empty. The fraction of this background in our event candidates was determined from the ratio of the total number of the beam kaons incident on the full target to the corresponding number for the empty target. The fraction of the so-called empty-target background, remaining in the radiative-reaction candidates after all selection cuts, is at the level of 15% − 22%. The properly weighted empty-target spectra were subtracted from the full-target distributions before the acceptance correction of the latter. The second source of the background events appears from the following processes,
which can be misidentified as the radiative reactions when some of the final-state photons are not detected in the CB. Our measurement of these three reactions is given in detail in Ref. [9] . Based on the results from Ref. [9] , the background from each of the three reactions can be understood via a Monte Carlo simulation. A Monte Carlo (MC) simulation of reactions (1) and (2) was used to determine their acceptance. Based on the MC simulation of reactions (3), (4), and (5), their remaining backgrounds were subtracted from the radiativereaction candidates. Reactions (1) and (2) were simulated with an isotropic production-angle distribution. Reactions (3), (4) , and (5) were simulated according to their differential cross sections measured using the same data [9] . The MC events of each beam momentum were then propagated through a full GEANT (version 3.21) simulation of the CB detector, folded with the CB resolutions and trigger conditions, and analyzed the same way as the experimental data. The small difference between the experimental data and the MC simulation for the neutron response in the CB was not important, as we summed the events with and without the neutron detected.
The analysis of the MC simulation for the background reactions showed that π 0 Λ events cause the largest contamination of the γΛ candidates. This occurs when one photon from the decay of the outgoing π 0 is not detected in the CB. Similarly, π 0 Σ 0 events constitute the largest contamination of the γΣ 0 candidates. In four-and fivecluster events, the background from reactions (3), (4), and (5) was partially suppressed by the 2% CL cut on the hypotheses of these reactions themselves; i.e., all events that satisfied these hypotheses with probability larger than 2% were rejected. Further suppression of the remaining background events can be done by tightening the cut on the CL of the hypotheses used to select the radiative-reaction candidates. However, it leads to decreasing statistics. The MC spectra with the remaining background from reactions (3), (4), and (5) were then subtracted from the experimental distributions with the radiative candidates. The normalization of the spectra for the subtraction was based on the ratio between the number of the simulated events for the background reactions to the number of the experimental events found for those reactions themselves in the data (see Ref. [9] for details).
The acceptance for both reactions K − p → γΛ and K − p → γΣ 0 was determined as a function of cos θ * , where θ * is the production angle of the outgoing photon (i.e., the angle between the direction of the outgoing photon and the incident K − meson) in the center-of-mass (c.m.) frame. The acceptance for both the radiative reactions is shown in Fig. 1 for two beam momenta: 514 and 750 MeV/c. These acceptances include the effects of all our standard cuts used in the event selection. A poorer cos θ * acceptance of the forward θ * angles for a higher beam momentum is mostly due to the larger threshold on the CB total energy in the event trigger. This threshold was 0.9 GeV for p K − = 514 MeV/c and became 1.5 GeV for p K − = 750 MeV/c. 
IV. EXPERIMENTAL RESULTS AND THEIR INTERPRETATION
The number of the radiative-reaction candidates initially selected with our standard cuts and the number of the experimental events left after the background subtraction are listed in Table II for our two radiative reactions at the eight beam momenta. The comparison of these numbers reflects the fraction of the background events that were subtracted from the reaction candidates.
The differential cross sections are given as a function of cos θ * , where the full range from −1 to 1 is divided into 12 bins. Since the K − p → γΛ reaction for the four highest beam momenta has very low acceptance in the last bin, the results for this bin are not presented. To calculate cross sections, the Particle Data Group (PDG) [1] branching ratio 0.358 ± 0.005 for the Λ → π 0 n decay was used. The effective proton density in the target times the effective target length was (4.05±0.08)×10 −7 µb −1 . The calculation of the total number of beam kaons incident on the target is given in detail in Ref. [18] . The uncertainties presented in our results for the differential cross sections are statistical only.
The systematic uncertainty that includes the evaluation of the losses of good events due to pileup clusters and the uncertainty in the total number of beam kaons incident on the target is about 7%. This uncertainty is the same for all K − p → neutrals reactions and has been determined in the earlier analyses of the data [9] . Another systematic uncertainty comes from the subtraction of large backgrounds from other reactions, the shapes and contributions of which are based on the MC simulation of those reactions. This uncertainty was estimated by varying the kinematic-fit CL value used for event selection, where a tighter cut on the CL leads to a better ratio of the signal to the background. In addition to our standard 5%-CL cut, the 10% and 20% cuts were also tested. All results agreed within the statistical uncertainties. The largest fluctuations were observed in the first and the last bins, which have the smallest acceptance. No preferred trend of the results to smaller or larger values after tightening the CL cut was observed. Our conservative value for this type of systematic uncertainty is 7%. All imperfections in the shapes of our differential cross sections can be explained by statistical fluctuations. Adding our two systematic uncertainties in quadrature gives 10% for our total systematic uncertainty; it is not included in the errors presented in the tables and figures with our results.
Our differential cross sections for K − p → γΛ as a function of cos θ * for the outgoing photon are given for each of the eight beam momenta in Tables III and IV . The corresponding results for K − p → γΣ 0 are given in Tables V  and VI . Because of our limited statistics and the subtraction of the large backgrounds, several points resulted in unphysical negative values; however, all of them are consistent with positive values within their uncertainties. In Figs. 2 and 3 , we show the Legendre polynomial fits to our differential cross sections,
where P l is the Legendre polynomial of order l, and A l is its coefficient. The choice of the maximum order l max was limited by our statistics: it was 1 for the three lowest beam momenta of the K − p → γΣ 0 reaction and 2 for all other fits. The results of Legendre polynomial fits are given for both the reactions in Tables VII and VIII. To interpret our results for the radiative reactions K − p → γΛ and K − p → γΣ 0 , we compared them with Regge-plus-resonance (RPR) model calculations. The RPR approach has been developed to describe photo-induced and electro-induced kaon production off protons [14] [15] [16] [17] . The p(γ, K)Y amplitude, which is dominated by non-resonant t-channel contributions, is modelled in terms of K + (494) and K * + (892) Reggetrajectory exchange. For the p(γ, K + )Λ reaction, the best model is coined Regge-2. In KΣ photoproduction two equivalent Regge models are available. A recent analysis of n(γ, K + )Σ − data allowed to isolate an optimal model, coined Regge-3. The Regge-model amplitudes can be supplemented with a selection of s-channel resonance diagrams. Since the radiative kaon-capture reaction is related to photo-induced kaon production through crossing symmetry, the amplitude for the kaon-capture process can be obtained by analytic continuation of the kaon-production amplitude in which the signs of the kaon [19] . and photon momenta are reversed. Crossing symmetry interchanges the roles of the Mandelstam-s and -u variables. The Mandelstam-t variable remains the same, as do the contributions to the amplitude that arise from tchannel exchange. Therefore, one can apply the Regge model, developed for kaon photoproduction, to the description of radiative kaon capture, without introducing or adjusting any parameters [8] . As can be appreciated in Fig. 4 , the Regge-model predictions (solid lines) for K − p → γΛ are of the same order as the measured differential cross sections and are in reasonable agreement with the data except for an underprediction of the strength at forward angles. The situation for the K − p → γΣ 0 channel is entirely different. One can see in Fig. 5 that the Regge model underpredicts the data by an order of magnitude approximately. This hints at an important role for resonance-exchange terms in the reaction amplitude. In order to assess the possible resonant contributions to the radiative capture reactions, the Regge-model amplitudes can be enriched with hyperon-resonance exchange terms, along similar lines as s-channel resonances have been added for the p(γ, K)Y processes [14, 15] . Table I lists six established hyperon resonances relevant to the energy range of the data presented here. Due to the lack of experimental data for the electromagnetic decay widths of these resonances, we have included predictions by the Bonn constituent-quark model [20, 21] . When fixing the resonances' mass and width at the central RPP value, inclusion of a spin-1/2 or spin-3/2 resonance introduces two or three free parameters respectively
1 . The quality and amount of the differential-cross-section data presented here are not sufficient to perform fits with multiple resonances. Therefore, we carried out fits with a single resonance at a time. For the K − p → γΛ channel, we obtain a typical χ 2 value of 115 for 92 data points. Five of the six fits for the K − p → γΣ 0 reaction attain χ 2 of 230 for 96 data points, except for the fit including Λ(1670)S 01 , which converged at a χ 2 value of 355 for 96 data points.
In Fig. 4 , we show the K − p → γΛ model calculations including the Λ(1520)D 03 , Σ(1660)P 11 , or Σ(1670)D 13
[1] The most general Lagrangian for spin-3/2 resonances has three additional degrees-of-freedom, often called off-shell parameters.
To limit the total number of fitting parameters, we discard the latter. state, since, according to the Bonn model, these resonances have the largest branching ratio to the γΛ channel. The strength of the Σ(1660)P 11 and Σ(1670)D 13 resonances increases with the energy of the incoming kaon, whereas the Λ(1520)D 03 contribution is more uniformly spread. The angular dependence of these three models are in reasonable agreement with our data. Figure 5 features model calculations for the K − p → γΣ 0 channel including the Λ(1600)P 01 , Λ(1670)S 01 , or Λ(1690)D 03 resonance. The angular dependences of Λ(1600)P 01 and Λ(1670)S 01 are similar, but the strength of the Λ(1600)P 01 contribution is much more uniform as a function of the beam energy. The angular dependence of Λ(1690)D 03 has a trend opposite to Λ(1600)P 01 and Λ(1670)S 01 and better matches the experimental data at the highest momenta.
The evaluation of the total cross sections for the radiative reactions K − p → γΛ and K − p → γΣ 0 was based on the Legendre polynomial fits shown in Figs. 2 and  3 . The results obtained for both radiative reactions are listed for each of the eight beam momenta in Table IX and are also shown in Fig. 6 in conjunction with the RPR model calculations. We assume that the systematic uncertainties in our values for the total cross sections have the same magnitude as for the differential cross sections. These systematic uncertainties are not included into the presented results.
For the K − p → γΛ reaction, the total cross section falls off as the center-of-mass energy W rises. This trend is predicted by the Regge model, which accounts for roughly half the strength. The addition of the Λ(1520)D 03 resonance allows to largely make up for the missing strength. The Bonn constituent-quark model also predicts a large electromagnetic decay width for the transitions of Σ(1660)P 11 and Σ(1670)D 13 to Λ(1116)γ. The RPR fit including any of these two resonances improves the description of the total cross section at the highest energy bins, but fails to account for the rise at lower energies. In the K − p → γΣ 0 reaction channel, the energy dependence of the total cross section differs notably from the γΛ final state, peaking in the highest measured energy bin. This behavior is opposite to the Regge-model result, which underestimates the total cross section by a factor of four and predicts a fall off as energy increases. A nice correspondence with the data at lower energies is realized through the inclusion of the Λ(1600)P 01 resonance, which has a particularly large value for the total decay width in the RPP. The Regge-model calculations supplemented with either the Λ(1670)S 01 resonance or Λ(1670)S 01 , having a large value for Γ γΣ 0 in the Bonn model, allow to reproduce the apparent peak in the total cross section data, but fail at lower energies. For both reaction channels presented in this work, the data cannot be understood in terms of a reaction amplitude consisting of non-resonant terms in conjunction with a single resonance. The energy dependence of the total cross sections, however, suggests a prominent contribution from a resonance in the range of 1550 MeV for the γΛ final state and of 1700 MeV for γΣ 0 .
V. COMPARISON WITH OTHER RESULTS
Our results for K − p → γΛ in flight are unique and at the moment can be compared to theoretical predictions only. For the K − p → γΣ 0 reaction, there is also an independent analysis of the same data set, resulting only in the determination of the total cross sections [19] . That analysis was conducted by the Valparaiso-Argonne (V-A) group and published before the present analysis became available. We now believe that the V-A analysis has been published prematurely because the comparison of the two analyses (see Fig. 7 ) reveals that the V-A results for the total cross sections are systematically lower than ours. The magnitude of the disagreement between the two analyses cannot be evaluated accurately because of the inadequate treatment of the systematic uncertainties in the V-A analysis. Moreover, for half of the V-A cross sections, only upper limits were reported. Those upper limits are based on the statistical uncertainties only and the confidence level at which they have been determined is omitted in Ref. [19] . Our total cross sections are plotted in Fig. 7 after adding linearly our statistical and systematic uncertainties.
The difference between our total cross sections and the V-A ones is of the same order of magnitude (50 − 75 µb) for all beam momenta. Such a feature is indicative of the oversubtraction of the large background contributions in the V-A analysis. At our energies, the yield of the major background reactions (
is almost the same as a function of beam momentum [9] . Then a wrong normalization of these background contributions should result in such a deviation from the actual cross section, the magnitude of which is similar at each momentum. According to Ref. [19] , the normalization of the MC simulations for the background reactions was based on their total cross sections. However, it is not clear how such a normalization is possible if the total cross sections for K − p → γΣ 0 have not yet been determined. In our opinion, the approach used in Ref. [19] to normalize the contributions from the background reactions led to their substantial oversubtraction.
Another feature of the V-A analysis that should result in large systematic uncertainties is the use of very tight selection cuts to improve the signal-to-background ratio. To illustrate the consequences of applying such tight cuts, we list the numbers of the events selected in each of the two analyses in Table II for comparison. The corresponding numbers of the events selected in the V-A analysis are many times smaller than ours. Besides leading to poor statistics, the use of tight selection cuts requires excellent agreement between the experimental data and the MC simulations for both the signal and background reactions. Besides knowing the reaction dynamics, this agreement assumes that the MC simulation reproduces correctly the experimental resolutions and the trigger conditions. In our opinion, such an agreement was not sufficiently illustrated in Ref. [19] , especially for the χ 2 -type function F used for the selection of K − p → γΣ 0 candidates. As all variances 1/w, which reflect the experimental resolution of each term in the function F , have been determined from the MC simulation, it does not mean that they are correct for the experimental data.
The sensitivity of the results to the cuts being applied is tested in the V-A analysis by adding those cuts one by one. Most of those cuts just duplicate one of the terms of their function F . It seems that instead it would be more reasonable to tighten only the cut on the magnitude of F for improving the signal-to-background ratio and testing the sensitivity of the results to that.
The systematic uncertainties reported in Ref. [19] are, in our opinion, significantly underestimated, since neither the effect from very tight cuts nor the effect from the subtraction of large background contributions were taken into account. The overall 10% systematics uncertainty borrowed from the V-A analysis of the K − p → π 0 Σ 0 reaction [22] definitely does not take those effects into account. The systematic uncertainty in the acceptance due to a possible deviation of the K − p → γΣ 0 differential cross sections from the isotropic distribution was estimated in Ref. [19] as +20%. This shows the strong sensitivity of the V-A results to the reaction dynamics.
However, the approach used for that in Ref. [19] needs a better justification. The statistics available in the V-A analysis at the beam momentum of 750 MeV/c was sufficient for the determination of their own K − p → γΣ 0 differential cross section. Then the difference between their standard method and the result obtained by the integration of the differential cross section would allow a better estimate of this type of systematic uncertainty.
VI. SUMMARY
For the first time, the differential cross sections for K − radiative capture in flight on the proton, leading to the γΛ and γΣ 0 final states, have been measured at eight K − momenta between 514 and 750 MeV/c. The data were obtained with the Crystal Ball multiphoton spectrometer installed at the separated K/π beam line C6 of the BNL Alternating Gradient Synchrotron. The results substantially improve the existing experimental data available for studying radiative decays of excited hyperon states. An exploratory theoretical analysis is performed within the Regge-plus-resonance approach keeping fixed the nonresonant contributions to the reaction amplitude, optimized against kaon photoproduction data. According to this analysis, the K − p → γΣ 0 reaction is dominated by hyperon-resonance exchange and hints at an important role for a resonance in the mass region of 1700 MeV. For the K − p → γΛ reaction, on the other hand, the resonant contributions account for only half the strength, and the data suggest the importance of a resonance in the mass region of 1550 MeV.
In our opinion, the analysis of the K − p → γΣ 0 reaction reported in Ref. [19] was conducted with serious shortcomings, and we do not recommend those results to be used. The discrepancy between the V-A results and ours cannot be evaluated accurately for lack of the adequate systematic uncertainties in the V-A analysis.
